In this study we used an in situ optical absorbance technique to monitored the growth of vertically aligned single-walled carbon nanotubes (VA-SWNTs) at various temperatures and pressures.
I. INTRODUCTION
Single-walled carbon nanotubes (SWNTs) are known for their unique physical properties, which arise from their one-dimensional structure [1] [2] [3] . Some of these properties, such as near-ballistic transport [4] , anisotropic optical absorption [5] [6] [7] [8] and high thermal conductivity [9] [10] [11] make SWNTs particularly well-suited for various advanced applications. In order to exploit these properties, however, it is necessary to be able to control the location, size, and morphology of the SWNTs. The last few years have seen several advancements in these areas, particularly regarding the synthesis of vertically aligned (VA-)SWNTs [12] [13] [14] [15] [16] [17] [18] [19] .
Synthesis of SWNTs, however, is a process which depends on many parameters (temperature, pressure, flow rate, etc.), and understanding the many relations in this multi-parameter space is quite complicated. Here we report some advancements in this area, where the effects of growth temperature and pressure on VA-SWNT growth, particularly the initial growth rate, were investigated. We also discuss the internal structure of these aligned SWNT films, directly observed in their aligned state by transmission electron microscopy.
II. EXPERIMENTAL PROCEDURES
The VA-SWNTs investigated in this study were synthesized by the alcohol catalytic chemical vapor deposition (ACCVD) method [12, 20] . This method produces high-purity SWNTs with very little formation of amorphous carbon or other byproducts. Synthesis is carried out inside a conventional CVD chamber, with temperatures between 600 and 800°C, and at an ambient pressure of approximately 1.4 kPa (10 Torr). The metal catalyst particles with which the alcohol react are prepared by a dip-coat method [21] at the same concentration (0.01 wt% Co). Using this bimetal approach, the Mo forms an oxide layer that is believed to stabilize the pure Co metal particles [22] , where the Co is the catalyst driving SWNT growth.
VA-SWNTs are synthesized by placing the dip-coated substrate in the CVD chamber, then heating up to the growth temperature (typically 800°C) under 40 kPa of flowing Ar/H 2 (3% H 2 , Ar balance, flow rate of 300 sccm). Once reaching the growth temperature, the Ar/H 2 flow is stopped, and 99.5% dehydrated ethanol is introduced into the chamber at a flow rate of 300 to 500 sccm and a pressure of 1-2 kPa (7-15 Torr). VA-SWNTs synthesized by this method are shown in Fig. 1 . While inside the CVD chamber, the optical absorbance of the VA-SWNT film can be measured throughout the growth process. Based on the correlation between VA-SWNT film thickness and absorbance [23, 24] , this in situ absorption measurement allows one to observe the growth process as well as control the final film thickness by stopping the alcohol flow at the appropriate point during growth.
III. RESULTS & DISCUSSION
A. Internal structure of VA-SWNTs
Electron microscopy techniques are extremely valuable in SWNT characterization, providing information on the overall morphology by scanning electron microscopy (SEM), and information at the scale of individual SWNTs by transmission electron microscopy (TEM).
Unfortunately, sample preparation for TEM observation usually involves dispersion of the SWNTs and placing some of this dispersion onto a TEM grid. This obviously destroys the aligned morphology of as-grown SWNT arrays, making it impossible to observe them in their aligned state. Recently, however, our group has succeeded in imaging SWNTs in their aligned state [25] by transferring the as-grown films onto a TEM grid using a hot-water assisted method [26] that allows removal and transfer of the VA-SWNTs while preserving the SWNT alignment. Using the same preparation technique, we have again observed VASWNTs by TEM, but this time scanned the focal plane through the sample. This approach yields cross-sectional images at different depths into the VA-SWNT film.
The VA-SWNT observed had thickness of 4 µm, similar to that shown in Fig. 2a . The VA-SWNTs were transferred onto a TEM grid by the hot-water method mentioned above [26] , and imaged from the top of the film (plan view), such that the perspective is along the SWNT alignment direction. Cross-sectional images of the film were obtained at different In addition to SEM and TEM, resonance Raman scattering is a very simple, yet powerful tool for characterization of SWNTs. A typical Raman spectrum from VA-SWNTs grown from alcohol is shown in Fig. 3 (thick line) . The sharp, strong G-band peak at 1592 cm
relative to the weak D-band peak near 1350 cm −1 reflects the high purity of the SWNTs [28] .
The radial breathing mode (RBM) peaks found between 100 and 300 cm −1 are shown in the The spectrum shown by the thick line was obtained with a 1200 mm −1 grating, which provides a balance of good resolution and enough spectral range to observe the RBM, Dband, and G-band peaks in the same spectrum. The thin line in the inset is a high-resolution spectrum obtained only for the RBM region using a 2400 mm −1 grating. This high-resolution spectrum reveals the characteristic 180 cm −1 peak actually consists of several sharp, closely spaced peaks. As with the peak at 180 cm −1 , these peaks are believed to arise from Raman scattering of perpendicularly-polarized light. Since the presence of neighboring SWNTs can significantly affect the Raman modes [30] may be due to the thin bundles such as those in Fig. 2 and reported in [25] . Additional investigation is necessary, however, to clarify the origin of these peaks.
B. Analysis of growth parameters
As mentioned in the previous section, the optical absorbance of a VA-SWNT array is proportional to the thickness of the array [23] , thus one can observe the growth in near real-time by measuring the optical absorbance during the CVD process. Such an in situ method has been used to study VA-SWNT growth [24] , from which a model describing the growth process was proposed. According to this model, VA-SWNT growth can be described by two parameters, the initial growth rate γ 0 [µm s 
From this equation, one can see that the maximum (final) film thickness at L(t → ∞) is γ 0 τ , appropriately determined by the two growth parameters. Figure 4a shows the effect of ethanol pressure on the final thickness, γ 0 τ , of VA-SWNTs produced at different temperatures. These data show that the pressure at which maximum growth occurs is dependent on the growth temperature, and this 'ideal' pressure increases with higher temperature. This trend is shown in Fig. 4b , where the pressure at which maximum VA-SWNT film thickness was achieved is plotted for each growth temperature.
Although there are few data, the trend in this temperature range is apparent. These results are further decomposed in Fig. 5a and Fig. 5b , which show the effect of pressure on each of the growth parameters, independently. The values of γ 0 and τ were obtained by iterative fitting to the experimental data (not shown) using eqn. (1). In Fig. 5a we see the pressure dependence of γ 0 , which increases in a linear fashion, regardless of the growth temperature.
This increase continues until approximately 2 kPa, above which γ 0 begins to decrease. Since there are few data in this higher pressure range, it is unclear whether γ 0 will decrease back down toward zero as the pressure continues to climb, or if it will plateau at some value.
Below 2 kPa, however, the linear correlation between the initial growth rate and the ethanol pressure indicates the growth reaction is a first-order reaction. This is significant because it shows the growth reaction is simple dissociation of ethanol at the catalyst particle, rather than a complex process involving intermediate steps and interference by reaction byproducts.
Such knowledge of the type of reaction is important in understanding the fundamental underlying synthesis mechanism. [24] -then τ should be rather constant, decreasing faster when γ 0 is larger and more slowly when γ 0 is small. This could explain the insensitivity of τ to pressure for the majority of the pressure range shown in Fig. 5b . At low pressures, however, where the growth rate is very slow, the process by which the catalyst activity diminishes may be different, which is responsible for the increase in τ . Of course this is very speculative at this point, and further investigation is necessary to clarify the mechanism responsible for the diminishing catalyst activity.
IV. SUMMARY
We have presented the latest results of our investigation of the synthesis of VA-SWNTs.
An in situ optical absorption method was used to investigate the role of temperature and pressure on the initial growth rate of the VA-SWNT film and the catalyst activity time constant. These results show the initial growth rate increases linearly with pressure, and then decreases above approximately 2 kPa. This indicates that below 2 kPa -where VA-SWNT synthesis usually occurs -the growth reaction is first-order. The catalyst activity time constant, on the other hand, was largely unaffected by temperature and pressure. A better understanding of the roles of the many synthesis parameters is critical not only to improving SWNT synthesis, but also to determining the underlying reaction mechanism.
We also show that high-resolution Raman spectroscopy reveals previously overlooked structure in the RBM peaks, particularly around 180 cm −1 . The origin of these tightlygrouped peaks is still unclear, but is thought to be related to the small-bundle structure of the arrays observed by TEM.
